This paper reports on the investigation of the double K-shell ionization of metallic aluminum induced by photon and electron impact. The experimental method consisted to measure the K␣ hypersatellite spectra resulting from the radiative decay of double 1s vacancy states by means of high-resolution x-ray spectroscopy using a Bragg-type von Hamos crystal spectrometer. Measurements of the photon-induced spectra were carried out at the European Synchrotron Radiation Facility, Grenoble, France, while those of the electron-induced spectra were performed at the University of Fribourg. The double 1s ionization probabilities and cross sections were derived from the K␣ 2 hypersatellite to diagram line intensity ratios for photon beam energies ranging between 3.1 and 5.5 keV and for different incident electron-beam energies ranging between 4 and 20 keV. The energy and linewidth of the K␣ 2 hypersatellite x-ray line were also determined for which consistent results were obtained from the photon and electron-beam measurements.
I. INTRODUCTION
Hollow K-shell atoms are atoms in which the innermost shell is empty while the outer shells are occupied. They can be created either by double K-shell ionization of neutral atoms or via multiple electron capture ͑EC͒ into outer shells by fully stripped ions in interaction with metallic surfaces. The radiative de-excitation of hollow K-shell atoms leads to the emission of so-called K x-ray hypersatellites ͑K␣ h , K␤ h ,...͒. The intensity ratio of the K␣ 1 h ͑1s −2 → 1s −1 2p 3/2 −1 ͒ to K␣ 2 h ͑1s −2 → 1s −1 2p 1/2 −1 ͒ hypersatellite lines is a very effective tool to study the variation in the coupling scheme with the atomic number Z. Precise measurements of the hypersatellite transition energies can also be used to learn more about the Breit interaction and relativistic effects. Because of the strong correlations between the two 1s electrons, hollow atoms provide also a good opportunity to study the effects of electronelectron correlations. This aspect is particularly important since the concept of electron correlations is central in various areas of physics ͓1͔.
The double K-shell ionization can be produced via three main mechanisms, namely, the shake-off ͑SO͒, the knock-out ͑KO͒, and also the two-step-two ͑TS2͒ processes, in the case of charged particle impact. Shake off is a one-step mechanism in which one of the target electrons is removed by photoionization or by impact with a charged particle and then, because of the abrupt change in the atomic potential resulting from the first ionization, a second electron is ejected during the relaxation process of the remaining ion. The KO process is a two-step mechanism in which the first ionized electron hits a second bound electron which is then kicked out. This mechanism is alternatively referred to as a two-step-one ͑TS1͒ process. The TS2 process is also a twostep mechanism; here, however, the two electrons are emitted by two subsequent interactions between the incident charged projectile and two electrons of the same target atom. In photoabsorption, the TS2 process is not possible since the incident photon is annihilated during the first interaction so that the double K-shell ionization can proceed only through electron-electron interactions. These interactions were long thought to be due mainly to ground-state correlations ͑GSCs͒ and SO processes. Using the many-body perturbation theory ͑MBPT͒, Carter and Kelly ͓2͔ and Ishihara et al. ͓3͔ demonstrated that a large contribution to the double photoabsorption probability originates from the KO process. This dynamical scattering picture was confirmed by Samson ͓4͔ who pointed out that experimental data of double to single photoionization cross sections of neutral atoms are proportional to the electron-impact ionization cross sections of singly charged ions. At high photon energies the probability of Compton scattering is no more negligible and it could be even higher than the photoabsorption probability. In this scattering process the incident photon is not annihilated but the probability that it can make two successive Compton scatterings at two electrons of the same atom is negligible ͓5͔ so that at high photon energies electron-electron correlations represent also the single mechanism by which double K-shell ionization can be produced. For atomic collisions with light charged particles, in addition to the SO and TS1 processes, double ionization can also occur via the TS2 channel. The latter is expected to dominate for projectile velocities v ͑in a.u.͒ and charges q such that q / v Ͼ 0.2 ͓6͔. For heavier charged projectiles multi-ionization of atoms can also result from charge-transfer processes in which one or more target electrons are captured into an empty shell of the projectile. Charge transfer becomes important when heavy bare ions are used as projectiles.
The first experimental studies of hollow atoms have been made using radioactive samples ͓7-9͔. In this case, the double K-shell ionization is also due to correlation effects.
Valuable data were extracted from these studies. However, the disadvantage of this excitation mode is that radioactive sources with long enough half-lives are needed. In addition only those elements for which natural radioactive isotopes are available can be studied. As a consequence, only a limited number of elements could be investigated. The ratio of double to single K-shell photoionization cross sections was first observed for He by Carlson in 1967 ͓10͔. In the same year Byron and Joachain ͓11͔ published the first calculations of this ratio, and since then, numerous experimental and theoretical studies have been done. Synchrotron radiation sources, allowing the production of monochromatic highly collimated and extremely intense photon beams at any energy, have revolutionized the experimental research on multiple photoionization. The first K␣ hypersatellite spectrum produced by means of synchrotron radiation was observed in 1999 by Kanter et al. ͓12͔ for Mo. Few similar measurements were performed for Ca, Ti, and V ͓13͔, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn ͓14-16͔, Ne ͓17͔, and Ag ͓18͔. These experiments as well as those performed using charged particle impact, in addition to ͑h ,2e͒ and ͑e ,3e͒ kinematics experiments ͓19,20͔, have provided further insights to multiionization mechanisms.
In the present work which is a continuation of these efforts, we report on measurements of the Al K␣ hypersatellite spectra. The latter were obtained by bombarding metallic aluminum foils with monoenergetic beams of photons and electrons at different energies. Besides the precise determination of the energy and linewidth of the Al K␣ h hypersatellite x-ray line, the aim of the present work was also to determine the energy dependence of both photon-and electroninduced double K-shell ionization cross sections from threshold to the expected broad maximum and to probe the current theoretical models describing this dependence. A further objective of our study was to compare the photon-and electron-induced double K-shell ionization cross sections in order to better understand the mechanisms by which the double 1s vacancy production is achieved in each case.
II. EXPERIMENT AND DATA ANALYSIS
A. Measurements with synchrotron radiation
Experimental setup
The experiment was performed at the x-ray microscopy beamline ID21 at the European Synchrotron Radiation Facility ͑ESRF͒, in Grenoble, France. The x-ray beam provided by an undulator was monochromatized with a double Ni/ B 4 C multilayer. The number of photons impinging on the target was typically 1 -2 ϫ 10 12 / s. Rejection of upper harmonics was realized using a Si-based Ni coated mirror. The energy calibration of the monochromator was done by measuring with a photodiode the K absorption edges of V, Ti, Ca, and S.
The x-ray spectra were observed with the high-resolution reflection-type von Hamos crystal spectrometer of Fribourg ͓21͔. The latter was installed in the main experimental hutch of ID21, downstream to the scanning x-ray microscope ͑SXM͒ chamber to which it was connected through a 180 cm long evacuated pipe. The basic elements of the von Hamos spectrometer are an x-ray source defined by a rectangular slit placed in front of the target, a cylindrically bent crystal, and a position sensitive detector, located on the crystal axis of curvature. The target consisted of a 99.1% pure metallic aluminum foil. In order to minimize the self-absorption of the hypersatellite x rays in the sample, a target thickness of 1 m was chosen. The target was tilted to 30°relative to the direction of the incident photon beam. A slit width of 0.2 mm was used as the best compromise between an acceptable energy resolution and high enough luminosity, two key parameters for the measurements of the Al K␣ hypersatellites. The emitted fluorescence x rays were reflected in first order by a 10 cm highϫ 5 cm wideϫ 1 mm thick ammonium dihydrogen phosphate ͑ADP͒ ͑101͒ crystal ͑2d = 10.642 Å͒. For the detection of the diffracted x rays, a 26.8 mm long ϫ 8 mm high back-illuminated charge coupled device ͑CCD͒ camera with a pixel size of 20ϫ 20 m 2 was employed. The CCD was cooled down thermoelectrically to −50°C. Good pixel events were sorted by setting appropriate energy windows on the CCD. This allowed us to strongly reduce background and higher diffraction order events.
The diagram and hypersatellite x-ray spectra were observed at 12 different photon beam energies ranging from 3122 up to 5451 eV. To avoid multiple-hit events on the CCD camera, for the measurements of the strong K␣ 1,2 diagram transitions an acquisition time of 1 s/image was used and the beam intensity was attenuated by inserting a 10 m thick Al absorber in the beam, upstream to the target. As the double 1s photoionization cross section is weak and because, in addition, for aluminum the K␣ hypersatellite transitions lie above the K edge, which results in an increased selfabsorption of the K␣ h in the target, longer acquisition times of 10 s/image were chosen for the measurements of the hypersatellite spectra. In order to check the reproducibility of the measurements and the stability of the experimental setup, the hypersatellite spectra were observed in several short successive measurements of typically 200 images. Before each new short measurement the beam intensity was determined with a photodiode and the K␣ 1,2 diagram lines were measured with the crystal spectrometer. If necessary, the hypersatellite spectra were then corrected offline for any fluctuations of the beam intensity and beam-spot profile.
Data analysis
The energy calibration of the x-ray spectra was performed by measuring the K␣ 1,2 diagram lines of Al and Si and by assigning to these measured lines the corresponding transition energies taken from Ref. ͓22͔. The spectra were fitted by means of a least-squares fitting program, employing Voigt functions for all observed transitions. Voigt functions were used because they correspond to the convolution of the Lorentzian natural line shapes of the transitions with the Gaussian instrumental response of the spectrometer. The energy differences E͑K␣ 1 ͒ − E͑K␣ 2 ͒ and the Lorentzian widths were kept fixed at the values quoted in Refs. ͓22,23͔, respectively. From the fits, Gaussian full widths at half maximum ͑FWHMs͒ of 0.75 and 0.78 eV were found for the K␣ lines of Al and Si, respectively. The instrumental broadening cor-responding to the Al K␣ hypersatellite was determined by interpolation using the fitted Gaussian widths of the Al and Si K␣ 1,2 diagram lines.
High resolution was crucial for these measurements since the Al K␣ hypersatellite is very close in energy to the K␤L ͑1͒ satellite and completely overlapping with the K␤L ͑2͒ satellite. Figure 1 shows the K␤L ͑1,2͒ + K␣ h x-ray spectrum measured at a beam energy of 4786 eV. The first doublet corresponds to the components of the K␤L ͑1͒ satellite structure, the third peak at about 1610 eV to the overlapping K␣ h hypersatellite and K␤L ͑2͒ satellite, while the fourth one corresponds to the K␣ h L ͑1͒ transition, i.e., to the first-order L satellite of the K␣ hypersatellite. In order to study the dependence on the beam energy of the Al K␣ hypersatellite intensity, the shape and relative intensity of the overlapping K␤L ͑2͒ satellite first had to be determined accurately. The measurement of the K␤L ͑2͒ structure was performed at a beam energy of 3122 eV which is smaller than the threshold energy for the double K-shell ionization. The obtained spectrum is shown in Fig. 2 . The K␤L ͑2͒ spectrum has a complex shape since the L spectator vacancies can be located in different subshells and different couplings are possible between the three holes in the initial and final excited states. KeskiRahkonen et al. ͓24͔ reported that four K␤L ͑2͒ satellite transitions are allowed in the LS coupling scheme. As shown in Fig. 2 , in our case, only three components were needed to fit the measured spectrum.
The beam energy of 3122 eV was the lowest one used in the present experiment. According to multiconfiguration Dirac-Fock ͑MCDF͒ calculations, the threshold energy for producing K −1 L −2 triple vacancy states in Al is 1834 eV, i.e., significantly lower than the beam energy employed to measure the shape of the pure K␤L ͑2͒ satellite. It can thus be expected that the shape of the K␤L ͑2͒ satellite remains the same at higher beam energies. A similar conclusion was drawn by Fritsch et al. ͓25͔ for the K␣ 3,4 satellite spectrum of Cu. They found indeed that the shape of the spectrum was varying with the incident photon energy within an energy range of about 50 eV above the threshold and then remained unchanged for higher incident photon energies. They explained the change in the satellite spectrum shape near the threshold region by the variation in the relative intensities of the individual satellite components whose threshold energies are slightly different. As the K␤L ͑2͒ to K␤ intensity ratio should be constant for beam energies far above the threshold and the absolute intensity of the K␤ transition is proportional to the cross section K for a single 1s ionization, the intensity of the K␤L ͑2͒ satellite measured at higher beam energies was determined by multiplying the satellite intensity measured at 3122 eV by the cross-section ratio
The fitted K␣ h spectrum recorded at 4786 eV is shown in Fig. 1 . The K␤L ͑2͒ structure was reproduced by three Voigtian functions, whose centers and linewidths were kept fixed at the values obtained from the fit of the spectrum measured at 3122 eV. Their intensities were also kept fixed at the values obtained at 3122 eV but multiplied by the intensity ratio I͓K␣͑E beam = 4786 eV͔͒ / I͓K␣͑E beam = 3122 eV͔͒. The latter ratio which is equal to the ratio K ͑E beam ͒ / K ͑3122 eV͒ was preferably chosen because it presents the advantage to have been determined with the same experimental conditions as the intensity of the K␤L ͑2͒ satellite. To reproduce the K␣ h hypersatellite and its L satellite, two additional Voigtians were included in the fit shown in Fig. 1 . Except the Gaussian widths which were fixed at the values corresponding to the known instrumental resolution of the spectrometer, all other fitting parameters were let free. Due to the asymmetries on their low-energy sides, the two components of the K␤L ͑1͒ satellite were found to be better reproduced by using Pearson functions. Actually, since these two transitions do not evince Lorentzian tails on their highenergy side, they should have only a minor influence on the fit of the K␣ h hypersatellite. To check this assumption, the K␣ hypersatellite region above 1595 eV was reanalyzed, without considering the K␤L ͑1͒ transitions. The results given by the second fit were found to be fully consistent with those obtained from the fit of the whole spectrum, differences of only 0.003 and 0.11 eV being observed between the two fits for the K␣ h energy and natural linewidth, respectively. For this reason, for all other beam energies, only the region of the K␣ hypersatellite was analyzed. The fitted yields of the diagram and hypersatellite lines were first normalized for the beam intensity and acquisition time. The yield ratios I͑K␣ h ͒ / I͑K␣͒ were then corrected to account for the differences of the self-absorption in the target ͑correction factor F T ͒, solid angle of the spectrometer ͑F ⍀ ͒, crystal reflectivity ͑F X ͒, and quantum efficiency of the CCD detector ͑F QE ͒,
The self-absorption in the target was taken into account by multiplying the fitted K␣ and K␣ h intensities with the following correction factors:
͑2͒
In Eq. ͑2͒, beam and K␣,K␣h represent the absorption coefficients of Al taken from ͓26͔ for the incident photons, respectively, for the diagram and hypersatellite fluorescence x rays, K␣,K␣h are the Bragg angles of the two transitions, is the angle between the normal to the target and the beam direction, and h stands for the target thickness. The factor F T occurring in Eq. ͑1͒ is defined by F T = F cor,K␣h / F cor,K␣ . It was found to vary smoothly with the beam energies between 1.488͑32͒ at E beam = 3122 eV and 1.507͑32͒ at E beam = 5451 eV. For the solid angle, crystal reflectivity, and quantum efficiency of the CCD detector, correction factors F ⍀ = 1.046͑59͒, F X = 1.021͑82͒, and F QE = 1.033͑52͒ were obtained. For the crystal reflectivity and CCD quantum efficiency corrections, needed data were taken from Refs. ͓27,28͔, respectively. The raw and corrected hypersatellite to diagram yield ratios are given in Table I .
B. Measurements with electrons

Experimental setup
The measurements of the Al K␣ hypersatellite induced by electron impact were performed at the University of Fribourg using a thermoionic electron gun equipped with a Ta disk cathode and electrostatic focusing and deflection electrodes. With the Ta cathode, the electron gun can be operated safely at a pressure of about 10 −6 mbar which corresponds quite well to the vacuum in the spectrometer chamber for standard operation. Accelerating voltage can be varied from 50 V to 20 kV with a precision of 1 V. The beam current is independently adjustable from 1 A to 1 mA. The power supply of the electron gun offers a feedback stabilized emission current control ͑ECC͒ option to maintain a beam current stability of 0.1%/h.
The setup of the von Hamos spectrometer was very similar to the one used for the synchrotron-radiation measurements. The electron gun was mounted on the same beam port of the spectrometer chamber as the one used at the ESRF. For all measurements, the Al target surface was perpendicular to the electron beam. The energy calibration of the spectrometer and instrumental broadening of the latter were again determined from measurements of the K␣ 1,2 lines of Al and Si. To reduce the background, a cylindrical collimator was installed between the electron gun and the target and the spectrometer slit was covered with a 22 m thick Be foil.
To avoid the accumulation of charges in the target, collimator, and surrounding shielding, the latter were carefully grounded.
Due to the electron bombardment, large amounts of heat were produced in the target. For an Al foil of 1 m it was found that after a few minutes of irradiation, using a beam current of a few hundreds of microamperes, the target part hit by the beam started to melt. Furthermore, as the maximum range in Al of 8 keV electrons is about 1 m, for electron-beam energies higher than 8 keV enhanced target x-ray fluorescence yields are obtained by using thicker tar- http://doc.rero.ch
gets. For these reasons we have opted for a thicker Al foil of 10 m. The latter was found to resist quite well to the heat load even in the case of long term electron irradiation. On the other hand, as already reported in ͓29͔, chemical reactions were observed in the target as a result of the electron irradiation. After a few hours of operation, a black dot coinciding in position and shape with the beam spot usually appeared on the surface of the sample. An electron microprobe analysis of this black dot showed that the latter consisted of carbon and oxygen originating from chemical reactions between the heated Al foil and some residual oil vapor in the spectrometer chamber. It was found that the intensity of the target x-ray emission decreases with time due to this burning effect. For that reason, a short measurement of the K␤ diagram line was performed periodically, and a new Al foil was installed whenever a change in the K␤ intensity was detected. The Al spectra were measured with 13 different electronbeam energies ranging between 4 and 20 keV. As for the synchrotron-radiation measurements, the hypersatellite lines were measured with a CCD exposure time of 10 s, while the K␣ diagram lines were measured with an exposure time of 1 s. For each beam energy, the hypersatellite data were collected in several successive measurements of typically 500 images. Before each new measurement, a short measurement of the parent K␤ line was performed to check the stability of the electron-beam intensity and reproducibility of the experimental setup. Depending on the electron energy, beam currents ranging between 140 and 600 A were used. Furthermore, as the shape of the beam profile on the target was found to vary somewhat with the beam current, for each beam energy the K␣ 1,2 spectrum was measured with the same current as the one used for the corresponding K␣ h spectrum. However, to avoid multiple-hit events on the CCD, an absorber ͑125 m Be+10 m Al͒ was inserted between the slit and the crystal to decrease the K␣ 1,2 line intensity. As this number was crucial for a correct determination of the hypersatellite to diagram line yield ratios, the effective attenuation factor was determined experimentally. A value of 222Ϯ 8 was found.
Data analysis
As in the present experiment thick targets ͑ϳ2.7 mg/ cm 2 ͒ were used, the observed x-ray yields should be related to the average energy of the electrons in the target which is given by the following formula ͓29͔:
where Ē K and Ē KK represent the average energies of the electrons that produce in the target single and double K vacancies, respectively, K ͓E͑x͔͒ and KK ͓E͑x͔͒ are the corresponding cross sections for the electron energy E͑x͒, K␣,K␣h and K␣,K␣h are the mass attenuation coefficients and Bragg angles for the diagram and hypersatellite transitions, and x is the projectile penetration depth projected on the axis perpendicular to the target surface. The mass attenuation coefficients were taken from values reported in Ref. ͓25͔ and the electron energy was determined from the electron stopping power given by the following expression:
The coefficients c and were derived from the stoppingpower values reported in Ref.
͓30͔ and the energy E͑x͒ of the electrons at the depth x was obtained by integrating Eq. ͑4͒,
where E e stands for the energy of the incoming electrons.
The distances h K and h KK in Eq. ͑3͒ represent the penetration depths at which the electron energy is equal to the threshold energy E thr,K for a single 1s ionization and the threshold energy E thr,KK for a double 1s ionization, respectively. These distances can be deduced from Eq. ͑5͒,
A thin oxide layer is formed on the surface of pure aluminum foils when the latter are exposed to air. Depending on the surface treatment, the oxide layer thickness ranges from a few nanometers to a few hundreds of nanometers. For the lowest beam energy used in this experiment ͑E e = 4 keV͒, a penetration depth h KK = 0.08 m is found from Eq. ͑6͒. Therefore, the hypersatellite x-ray spectrum measured at 4 keV ͑see Fig. 3͒ corresponds mainly to transitions in the aluminum oxide layer. The spectrum was fitted with three Voigt functions with all parameters let free in the fit. For higher electron-beam energies the penetration depth increases, so that the relative contribution of the oxide layer with respect to the bulk Al diminishes. Figure 4͑a͒ shows the K␣ hypersatellite spectrum measured at E e = 6 keV. The latter was analyzed in the following way. To fit the Al oxide K␤L ͑2͒ structure three Voigt functions were used. Except for the intensities of these three Voigtians and the linear back- http://doc.rero.ch ground, all other fitting parameters were set at the same values as the ones obtained from the fit of the Al oxide spectrum measured at E e = 4 keV, the intensity ratios of the three Voigtians included. The Al K␤L ͑2͒ structure was also fitted with three Voigt functions. The energies and widths of the latter and the relative intensities of the two weakest components relative to the strongest one at about 1608 eV were kept fixed in the fit at the values found for the photoinduced K␤L ͑2͒ spectrum measured with the 3122 eV photon beam. Finally, one additional Voigtian was used for the K␣ h hypersatellite. The Gaussian standard deviation of the latter was fixed at the known instrumental response ͑0.32 eV͒, whereas all other fitting parameters were let free. The same fitting procedure was adopted to fit the K␣ hypersatellite spectra recorded at higher electron energies. For 11 keV and above, an additional Voigtian was introduced in the fits for the K␣ h L ͑1͒ satellite. Spectra recorded at 8 and 20 keV are shown in Figs. 4͑b͒ and 4͑c͒, respectively. The two peaks occurring in the 20 keV spectrum at 1598 and 1601 eV correspond to the fourth order reflection of the K␣ 2 ͑E = 6391 eV͒ and K␣ 1 ͑E = 6404 eV͒ x-ray lines of iron. The latter originate from trace impurities of this metal in the Al target. The fitted diagram and hypersatellite yields were normalized for the electron-beam intensity and data collecting time.
Furthermore, to take into account the effect of the Be+ Al absorber employed in the measurements of the diagram lines ͑see Sec. II B 1͒, the intensities of the latter were multiplied by the measured attenuation coefficient ͑222Ϯ 8͒. The ratios I͑K␣ h ͒ / I͑K␣͒ were then corrected for the differences in the self-absorption in the target, solid angle of the spectrometer, crystal reflectivity, and quantum efficiency of the CCD, using for the three last correction factors the same values as the ones employed in the photon measurements. The selfabsorption differences were taken into account by multiplying the fitted diagram and hypersatellite intensities with the following correction factors:
͑7͒
To compute the integrals appearing in formulas ͑3͒ and ͑7͒, one needs to know the functions K ͑E͒ and KK ͑E͒. The function K ͑E͒ was determined by fitting the experimental cross sections reported in ͓31͔ which cover the whole range of electron energies used in our study. The so-determined function K ͑E͒ ͑see Fig. 5͒ allowed us to compute the average energies Ē K and the self-absorption factor F cor,K . The obtained values are given in Table II . The average energies Ē KK , correction factors F cor,KK , and double K-shell ionization cross sections KK were computed iteratively. The cross sections KK i ͑n͒ corresponding to the nth iteration were obtained as follows:
where X i ͑K␣ h ͒ stands for the K␣ hypersatellite intensity measured at the beam energy E e i and corrected with the selfabsorption coefficient F cor,KK i ͑n−1͒ and X i ͑K␣͒ stands for the dia- 
Ē KK i
͑n−1͒ and corrected with the self-absorption coefficient 
This simpler expression was used to determine the errors ⌬͑F cor,KK / F cor,K ͒ quoted in Table II .
III. RESULTS AND DISCUSSION
The obtained results concern only the K␣ 2 h hypersatellite ͑ 1 S 0 → 1 P 1 transition͒. The K␣ 1 h hypersatellite ͑ 1 S 0 → 3 P 1 transition͒, which is forbidden by the E1 selection rules in the LS coupling scheme, was indeed too weak to be observed, even for beam energies far above the threshold energy for the double 1s ionization. This is, however, not surprising since, according to theoretical predictions, a value of only 0.87% is expected for the intensity ratio I͑K␣ 1 h ͒ / I͑K␣ 2 h ͒ ͓33͔.
A. Energy and linewidth of the K␣ 2 h hypersatellite
The energies and linewidths of the Al K␣ 2 h hypersatellite obtained in the present work with the photon and electron beams are presented in Table III . No dependence on the energy of the synchrotron radiation and electron beam was observed for the energy of the hypersatellite transition nor for its linewidth. Results quoted in Table III correspond therefore to average values of the energies and linewidths observed at different beam energies. However, since for photon beam energies just above the threshold the yields of the hypersatellites were so small that the energies and linewidths of the latter had to be kept fixed in the analysis to be able to fit their intensities, the values corresponding to the lowest photon beam energies were not considered in the calculation of the average energy and linewidth. The same holds for the electron-induced spectra taken at energies E e Յ 7 keV for which fitting errors were particularly big due to the strong contribution from the Al oxide layer.
Energy
From the photon measurements, an average K␣ 2 h energy of 1610.38 eV was found. Typical errors provided by the fits for the hypersatellite energy were Ϯ0.02 eV. However, if one considers the uncertainty related to the energy calibration of the spectrometer, a total error of about 0.04 eV is obtained. The standard deviation of the nine values taken into consideration for the calculation of the average energy is similar, namely, 0.05 eV. From the electron measurements an average K␣ 2 h energy of 1610.35Ϯ 0.07 eV was obtained which is in excellent agreement with the value found with the photons. For the electron measurements the fit errors were significantly bigger ͑0.15-0.25 eV͒ due to the smaller intensity of the hypersatellites induced by electron impact.
The single experimental value reported in the literature is the one published by Keski-Rahkonen et al. ͓24͔ . In this study performed with electron beams, an energy shift of the K␣ 2 h hypersatellite relative to the parent diagram line of 124.7 eV was found. Using the K␣ 2 transition energy of Deslattes et al. ͓22͔ , this shift gives for the K␣ 2 h transition an energy of 1610.99͑20͒, somewhat higher than our value. Although small, the discrepancy might be significant since the difference between the two experimental values ͑0.61 eV͒ is bigger than the combined error ͑0.21 eV͒. In their recent calculations, Costa et al. ͓33͔ computed an energy shift of 124.32 eV relative to the K␣ 1,2 diagram lines, which corresponds, using once more the tabulated energies of Deslattes et al. ͓22͔ , to a value of 1610.82 eV for the K␣ 2 h energy. This value is 0.44 eV higher than our result but consistent with it within the combined error if one assumes an uncertainty of 0.6 eV ͑5% of the calculated energy shift͒ for the theoretical value. Other available but older and less precise theoretical predictions are 1608 eV ͓34͔ and 1627 eV ͓35͔.
Linewidth
For the linewidth of the photoinduced K␣ 2 h hypersatellite transition, an average value of 1.88 eV was obtained. Individual fit errors were typically 0.08 eV. Including the error of the instrumental broadening of the spectrometer ͑ϳ0.06 eV͒, a total error of about 0.07 eV was obtained for the average value. From the fits of the electron-induced spectra an average linewidth of 1.87Ϯ 0.16 eV was found. This result is again fully consistent with the value obtained in the photon measurements. Due to the poorer intensity of the electron-induced hypersatellites, individual fit errors were bigger ͑0.4-0.6 eV͒ so that the error on the average linewidth is about two times larger than the one corresponding to the photon measurements. The standard deviations of the values taken into account for the calculation of the average linewidths were found to be about 0.1 eV for both types of projectiles.
No result is reported in the literature for the Al K␣ 2 h linewidth. We have thus compared our value with the approximation 3⌫ K + ⌫ L suggested by Mossé et The hypersatellite spectra measured at photon beam energies of 3186, 3318, and 3972 eV are plotted in Fig. 7 . In the 3972 eV spectrum, the peak located around 1621 eV corresponds to the L satellite line of the K␣ 2 h hypersatellite, i.e., to a transition with three vacancies in the initial and final sates. This peak appears in the photoinduced spectra from a beam energy of 3742 eV and above. The energy given by the fit for the K␣ 2 h L ͑1͒ satellite is 1621.36͑11͒ eV, a value in satisfactory agreement with the result of 1621 eV reported by KeskiRahkonen et al. in ͓24͔. For the width of this transition, an average value of 2.91͑50͒ eV was found. The weak K␣ 2 h L ͑1͒ transition was also observed in the electron-induced spectra ͑see Fig. 4͒ but only for the highest beam energies because of the stronger background characterizing the electron measure- http://doc.rero.ch
ments. An average energy of 1621.93͑40͒ eV was obtained from the electron measurements, whereas the width of the transition could not be determined because it had to be kept fix in the fits at the value obtained from the photon measurements to get reliable intensities. In first approximation, one could expect the intensity ratios I͑K␣L ͑1͒ ͒ / I͑K␣͒ and I͑K␣ 2 h L ͑1͒ ͒ / I͑K␣ 2 h ͒ to be the same. This assumption, however, is not confirmed by our measurements since, as shown in Table III ͒ / I͑K␣͒ = 0.098͑5͒. This somewhat surprising result, however, can be explained by theory. In a paper concerning measurements of the Auger hypersatellites of Ne ͓39͔, the authors report indeed that, according to shake-off calculations by Foese Fisher ͓40͔, the probabilities for observing L satellites in the diagram and hypersatellite K Auger spectra of neon are 16.7% and 46%, respectively.
C. Double to single K-shell photoionization cross-section ratios
The ratios of double to single K-shell photoionization cross sections P KK and the double 1s photoionization cross sections KK were determined using the following relations:
where the corrected intensity ratios I͑K␣ h ͒ / I͑K␣͒ were computed according to Eq. ͑1͒, the fluorescence yields K and KK were taken from Ref. ͓32͔, and the single-ionization cross sections K were deduced from the NIST tables ͓26͔. The obtained P KK and KK values are listed in Table I . Relative uncertainties of 5% were assumed for the fluorescence yield ratio K / KK and single-ionization cross sections K .
The P KK values are also plotted in Fig. 8 as a function of the photon beam energy. As mentioned before, for the three measurements performed at 3122, 3186, and 3235 eV, the K␣ h structure could be hardly seen in the experimental spectra, whereas for the next-higher beam energy ͑3318 eV͒ the hypersatellite clearly emerges from the background. Attempts to fit the K␣ h hypersatellite observed at E beam Յ 3235 eV by keeping fixed the energy and linewidth at the average values obtained from the fits of the spectra taken at higher energies resulted in fitted intensities that are consistent with zero within an uncertainty interval of two to three . It is thus difficult to determine accurately the threshold energy for the double 1s photoionization from our measurements. Nevertheless, considering the straight line obtained from the linear fit of the experimental points corresponding to the beam energies of 3235, 3400, and 3507 eV, one finds that the fitted straight line intercepts the P KK = 0 axis at an energy of 3229Ϯ 3 eV, a value which is 65 eV lower than the threshold energy predicted by MCDF calculations ͑3294 eV͒.
It is well known that due to the combined influence of the knock-out and shake-off processes, the ratio of the double to single photoionization cross sections increases rapidly with excitation energy, levels off at a maximum value ͑broad maximum region͒, and then drops slowly with growing energy to reach an asymptotic value which corresponds to the photoabsorption shake probability. According to KornbergMiraglia scaling law ͓41͔, the region of the broad maximum is reached at an excitation energy given approximately by 0.01ϫ Z 2 ͑keV͒ above the threshold energy. Assuming for the threshold energy the above mentioned value of 3229 eV, this corresponds for Al to a photon beam energy of 4919 eV. This estimation is well confirmed by our measurements since, as shown in Fig. 8 , the maximum value of the experimental ratio P KK is observed between 4786 and 5451 eV.
Recently, Kanter et al. ͓18͔ assembled existing experimental ratios of double to single K-shell ionization cross sections of elements in the range 2 Յ Z Յ 47 measured with photon impact and nuclear electron capture in both the broad maximum and asymptotic regions. They found that the Z dependence of the asymptotic ratio scales as Z −2 as suggested earlier by Forrey et al. ͓42͔ for He-like ions, while the broad maximum ratio scales as Z −1.61
. Extracting the values corresponding to Al from Fig. 10 in Ref. ͓42͔ , we obtain an asymptotic ratio of 5.2ϫ 10 −4 and a broad maximum ratio of 1.85ϫ 10 −3 . It can be noted that the latter value agrees very well with our results of ͑1.84Ϯ 0.25͒ ϫ 10 −3 and ͑1.82Ϯ 0.25͒ ϫ 10 −3 obtained at 4786 and 5451 eV, respectively. The excitation energy required to reach the photoabsorption asymptotic limit is not yet well known. Previous measurements in He showed that the asymptotic limit is reached at photon energy of about 3 keV ͓43͔, which is ϳ40 times bigger than the threshold energy for a double ionization of He. No similar photoabsorption measurements in the asymptotic region are available for higher Z elements but the shake probability of the second K electron can be directly measured for isotopes produced via the nuclear electron capture decay since in this case one of the 1s electrons is absorbed in the nucleus and the second one is released through a shake process ͓18͔.
The Thomas model has been used extensively in previous studies to interpret the double photoionization probability. Based on a time-dependent perturbation theory, the energy dependence of the ratio of the double to single K-shell photoionization cross sections is described in this model by the following simple formula:
where E thr represents the double K-shell ionization threshold energy, E s represents the shake energy, i.e., the energy needed to remove via a shake process the second electron, P KK ͑ϱ͒ represents the asymptotic shake probability, and r represents a typical distance traveled by the K photoelectron during the atomic potential change. In Eq. ͑12͒, the energies are in eV and the distance r in angstrom. As shown in ͓45͔, the distance r can be interpreted as the radius r max ͑i.e., the radius at which the radial probability density peaks͒ of the shaken electron orbital in the ionic atom, i.e., in our case, as the radius r max of the 1s orbital in the Al + ion. The fit of our data with the Thomas model ͓44͔ is shown in Fig. 8 . All parameters were let free in the fitting procedure except the shake energy that was fixed to the value of 1669 eV obtained from the difference between the measured threshold energies for the double and single 1s photoionizations. The fit reproduces fairly well the data near the threshold and broad maximum regions and yields a value of 0.047 Å for the 1s radius of Al + , which is in reasonable agreement with the MCDF prediction of 0.040 Å. In contrast to that, the fitted threshold energy was found to be 3078 eV, which is clearly lower than the above mentioned experimental value of 3229 eV and MCDF prediction of 3294 eV. This is, however, not really surprising because similar discrepancies for the threshold energy derived from the Thomas model were also observed by other groups ͓13,15͔. Still worse is the fact that the Thomas model gives an asymptotic value P KK ͑ϱ͒ of 2.21ϫ 10 −3 which is more than four times higher than the asymptotic limit of 5.2ϫ 10 −4 obtained using the Z −2 scaling law of Forrey et al. ͓42͔ .
Several previous experimental studies have showed that indeed the Thomas model fails to fit the measured results because its simple formalism does not consider the contribution of the KO mechanism which is dominant at lower photon energies. The present work gives therefore further evidence that theoretical models describing more accurately the mechanisms governing the double photoionization probability are needed. Recently, Schneider et al. ͓46,47͔ developed a theoretical approach describing the knock-out mechanism as a quasiclassical process and the shake off as a simple quantum process and stated that there is no interference between the two processes. They applied their model to He and showed that their calculations reproduced quite well the experimental data of Samson et al. ͓48͔. Kanter et al. ͓18͔ measured the double to single K-shell photoionization crosssection ratio in silver, and rescaling the SO and KO He calculations of Schneider, they were able to fit quite well their data. However, as pointed out by Diamant et al. ͓15͔ , the scaling of the Schneider calculations performed for He to heavier atoms might be not reliable. Schneider-type calculations for higher Z atoms would thus be welcome to clarify this problem. Assuming that the Thomas model ͓44͔ describes only the shake process and locking the asymptotic ratio P KK ͑ϱ͒ to the value of 5.2ϫ 10 −4 obtained from the Z −2 scaling law of Forrey et al. ͓42͔ , we obtain the dashed curve of Fig. 8 . The difference between the dashed curve and our experimental data corresponds then to the KO contribution since according to Schneider et al. ͓46͔ there are no interferences between the KO and SO processes.
D. Double to single K-shell ionization cross-section ratios for electron impact Figure 9 shows the ratios P KK of the double to single K-shell ionization cross sections as a function of the average energy Ē KK of the electrons in the sample. As for photons, the broad maximum region could be reached but data clearly beyond the maximum are missing due to the highest possible voltage of 20 kV of the employed electron gun. The ratio reaches a maximum value of ϳ10 . Using incident electrons of 12 keV, they found a value of 1.4͑2͒ ϫ 10 −4 for the I͑K␣ h ͒ / I͑K␣͒ yield ratio which is consistent within the combined error with the value of 1.13͑17͒ obtained in the present work by interpolating the ratios corresponding to the beam energies of 11 and 13 keV ͑see Table II͒. For the electron-beam energy of 4 keV, which corresponds to an average energy Ē KK of 3.76 keV, the fitted K␣ h intensity is consistent with zero within the fit error. For the next-higher energy ͑Ē KK = 4.57 keV͒ a weak but significant hypersatellite yield was provided by the fit so that one can conclude that the threshold energy, in the case of electron impact, should lie between 3.76 and 4.57 keV. Considering the intersection of the straight line obtained from the linear fit of the experimental points corresponding to 5, 6, and 7 keV with the P KK = 0 axis, a threshold energy of 4.43Ϯ 0.08 keV is indeed obtained, which is about 1.2 keV higher than the value obtained from the photon measurements. In our opinion, this apparent discrepancy can be explained by the combined effects of the oxide layer discussed before and the fact that in most collisions, the energy of the incoming electron is shared between the ionized electron and the scattered electron in contrast to photoionization in which the whole photon energy is transferred to the photoelectron.
E. Comparison between the ratios P KK corresponding to photon and electron impact
In contrast to photons direct multiple ionization is possible for impact with charged particles. A charged particle, like for instance an electron, can indeed interact sequentially with two bound electrons producing a direct double ionization in the target atom. Despite that fact the maximum value of 1.1ϫ 10 −4 obtained from the electron measurements for the probability P KK is considerably lower than the corresponding value of 1.8ϫ 10 −3 measured with photons. Similar differences were observed in He measurements in which an asymptotic ratio of 1.7% was found for photoabsorption ͓38,49,50͔, whereas for charged particle impact a ratio of only 0.27% was observed ͓͑51͔ and references therein͒. On the other hand, in measurements of the K␣L satellites of Al, Ca, and Co induced by photon and electron impact, Mauron and Dousse ͓29͔ found that the cross-section ratios of the photoinduced and electron-induced double KL to single K ionization were very similar. They were even able to estimate the small contribution of the TS2 process by comparing the photoinduced and electron-induced spectra. Likewise, Krause et al. ͓52͔ found that the K␣L satellites of neon measured with both 3.2 keV electrons and 1.5 keV photons had the same intensity.
To understand this apparent contradiction, one should first notice that the TS2 process is negligibly small for charged projectiles with a ratio Z / v Ͻ 0.05 ͓53,54͔, which is the case for the present measurements ͑Z stands for the projectile charge and v for the projectile velocity expressed in a.u.͒. Then, it is well known that electron correlations in the same shell are stronger than those between electrons located in different shells. Thus, the fact that the double KL ionization cross sections for photons and electrons are similar, whereas the double K ionization cross sections are different, can be related to electron correlations. Actually, this statement is confirmed by the fact that in the present measurements quite different K␣ h / K␣ intensity ratios were observed for photons and electrons, whereas for the K␣ h L / K␣ h intensity ratios similar values were obtained.
For charged particle impact, electrons are ejected with a continuous energy distribution and most of them leave the atom with small velocities comparable to their original orbital velocities ͓53͔. Consequently the sudden approximation ͑SA͒ is no more valid ͓55,56͔. If the outgoing electron leaves the atom with a low velocity, the corresponding atomic orbital has indeed enough time to adapt to the new atomic potential. As a consequence, there will be no overlap between the initial and final wave functions and shake off of a second electron is less likely to occur. Actually, while SO is well defined in the framework of the SA model at the asymptotic energy limit, its meaning when the velocity of the outgoing electron is low is not clear ͓57,58͔. We come to the conclusion that for electron impact, the SO process contributes certainly to the observed double ionization but to a significantly smaller extent than in the case of photon impact.
Concerning the KO process, it is well known that its amplitude depends strongly on the velocity of the primary electrons. For photons, at high energies, when the photoelectron velocity exceeds considerably the orbital velocity, the KO probability vanishes. In contrast to that, in the case of charged particle impact, most electrons continue to be ejected with small velocities, comparable to their original orbital velocities, independently of the projectile energy, so that the KO probability tends to a constant value at the asymptotic energy limit ͓56,59,60͔.
In a series of pioneering works aiming to investigate the relationship between the double ionization induced by photons and charged particles, McGuire and co-workers demonstrated that within the framework of the dipole approximation describing the photoabsorption process ͑i.e., photoionization ascribed solely to the photoeffect without any contribution from the Compton effect͒, the ratio of double to single total ionization cross section for He in case http://doc.rero.ch of photon impact is much higher than that for charged particle impact ͓59͔, while being similar to the ratio of double to single differential cross section for charged particle impact corresponding to the same energy of the ejected electron ͓61͔. Above McGuire's statement was confirmed experimentally by Cocke et al. ͓62͔ who performed measurements of the double-to single-ionization differential cross section ratio of He bombarded with 1 and 3-MeV protons. By measuring the energy loss of the scattered protons, they were able to isolate the fast ejected electrons and they obtained ratios of about 2%, close to the ratios of double to single total cross section found in the case of photoionization for the same energies of the ejected electrons ͑600 and 900 eV͒. However, McGuire et al. ͓53͔ pointed out that the conclusions in measurements of Cocke et al. ͓62͔ should be considered cautiously since at these proton energies a small contribution from the TS2 process is possible. Similar measurements were performed by Wu et al. ͓63͔ . Using 2, 3, and 6-MeV protons, they also found a ratio close to 2% at an energy transfer of about 1 keV. Measurements of DeHaven et al. ͓64͔ yield, however, a lower value for this ratio. Using binary kinematics to compute the energy transfer corresponding to their measured proton-scattering angles, they found over a large energy-transfer range, a practically constant ratio of about 1.25%.
As discussed by different authors ͓53,63,65,66͔, even when the primary ejected electron leaves the atom after photoabsorption with the same energy as the one ejected after projectile impact ionization, the residual ion does not receive the same recoil momentum in both processes because the photoabsorption and projectile impact ionization processes probe different parts of the wave function in the target atom momentum space. In the case of photoabsorption, momentum conservation requires that the momentum of the recoil ion mirrors the one of the ejected photoelectron, whereas for projectile impact ionization, the momentum lost by the projectile is transferred to the ejected electron and the ion is left with its initial momentum. This situation was suggested to be very similar to ionization induced by Compton scattering. Indeed, measurements in He using the cold-target recoil ion momentum spectroscopy ͑COLTRIMS͒ method have confirmed that the momentum distributions of the He + ions are very similar in Compton scattering and projectile impact ionization experiments ͓67͔. On the theoretical side, Burgdörfer et al. ͓68͔ demonstrated within the Born approximation that for a given energy transfer to the primary ejected electron the ratio of double to single ionization for projectile impact is equal to the one obtained for Compton scattering.
Direct differential cross-section measurements of Wu et al. ͓63͔ for He using fast protons as projectiles resulted in an asymptotic ratio of 0.8%, which is lower than the value of 1.25% deduced from the kinematics measurements of DeHaven et al. ͓64͔. No experimental data concerning the differential cross-section ratio for Compton scattering are available in the literature. However, according to Burgdörfer et al. ͓68͔ , the dominant contribution to the total-cross-section ratio for Compton scattering originates from large energy transfer. Using the COLTRIMS method, Spielberger et al. ͓69͔ found that in He the ratio of total cross section for Compton scattering in the energy range of 40-100 keV appears to be 0.98%, and they noted that over the investigated energy range, the asymptotic ratio was not yet reached. Comparing this value to the well-established 1.7% asymptotic photoabsorption cross-section ratio, Burgdörfer et al. ͓68͔ concluded that the probability for shaking off the second electron differs significantly whether the first electron is removed by photoabsorption or by Compton scattering, in contradiction with a previous prediction of Mukoyama et al. ͓70͔ , stating that in the sudden approximation, the shake probability is independent of the primary ionization mechanism. Experimental data concerning the asymptotic ratios for Compton scattering and charged particle impact are not available for heavier elements. Our present measurements in Al do not reach the asymptotic region but confirm that the total cross-section ratio in the broad maximum region is clearly smaller for charged particle impact than for photon impact.
IV. CONCLUDING REMARKS
The energy dependence of the K␣ hypersatellite x-ray spectrum of Al was measured using synchrotron radiation and electrons for the production of the double 1s vacancies. The measurements were performed by means of highresolution x-ray spectroscopy, employing a von Hamos crystal spectrometer. The K␣ 2 h transition energies and natural linewidths were determined from the measurements performed with both photons and electrons. Consistent values of 1610.38͑10͒ and 1610.37͑11͒ eV and 1.88͑10͒ and 1.87͑17͒ eV were obtained for the hypersatellite energy and linewidth, respectively. Since in light atoms the K shell fluorescence yields for double 1s vacancy states are higher than those of single 1s vacancy states, the K␣ 2 h natural linewidth was found to be better reproduced by the formula ⌫͑K␣ h ͒ = ⌫ KK + ͑⌫ K + ⌫ L ͒, where ⌫ x stands for the width of the x vacancy state, than by the standard Mossé formula ⌫͑K␣ h ͒ =3⌫ K + ⌫ L . Regarding the K␣ 1 h hypersatellite, no trace of this line could be detected in our measurements due to the fact that this transition is strongly hindered by the E1 selection rules within the LS coupling scheme which prevails for light elements like Al.
The energy dependences of the double K-shell ionization cross sections were determined from the measured hypersatellite to diagram intensity ratios and the single K-shell ionization cross sections reported in the literature. The ratio of the double to single K-shell photoionization cross sections was found to reach the broad maximum at about 5 keV, in good agreement with the prediction of 4.984 keV derived from the Kornberg's scaling law. For the maximum value of the ratio, a result of 1.84͑25͒ ϫ 10 −3 was obtained, which is also in good agreement with the value of 1.85ϫ 10 −3 deduced from the 1 / Z 1.61 scaling law of Kanter et al. ͓18͔ . We have also shown in our study that the Thomas model ͓44͔ does not fit properly the evolution of the measured double to single K-shell ionization.
A detailed comparison between the data obtained by photoionization and electron impact was also done. Measurements performed by means of electron impact provided a maximum double to single K-shell ionization cross-section http://doc.rero.ch ratio of 1.1ϫ 10 −4 considerably smaller than the corresponding ratio of 1.8ϫ 10 −3 obtained from the photon measurements. This is, however, not really surprising since similar substantially lower double to single cross-section ratios for charged particle impact ionization compared to photoionization were also found for He by other groups. For He, the differences could be explained theoretically and confirmed by a variety of experiments. The threshold energies for the production of double 1s vacancy states were found to be 3229͑3͒ eV in the case of photoionization and 4432͑77͒ eV for the electron-induced ionization. The difference was explained by the fact that in most electron-electron collisions only a part of the energy of the incident electron is transferred to the photoelectron, whereas in photoionization the whole photon energy is given to the ionized electron.
